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bstract

A quantitative and multiplex real-time RT-PCR assay was developed to detect Citrus tristeza virus (CTV) along with plant mRNA, which serves
s an internal control to ascertain RNA extraction quality. The real-time technique was validated against 39 CTV strains from around the world as
ell as with the aphid vector, Aphis gossypii, given a 48 h acquisition access period on a CTV source plant. The assay was effective for quantitation
f the viral template in infected plants and in single aphids. CTV detection was compared from different plant tissues and for different RNA

solation methods from aphids. Less than 1 fg was consistently detected when RNA transcripts were diluted in extracts from healthy plants while
NA copies carried by single aphids were estimated to be between 12,000 and 13,000,000. The assay was more sensitive and less time consuming

han ELISA or traditional RT-PCR. The real-time RT-PCR assay developed is a valuable new tool for detection and titer quantitation of CTV.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Citrus tristeza virus (CTV), genus Closterovirus (Martelli
t al., 2005), is the causal agent of tristeza, one of the most
conomically important viral diseases of citrus. The virus has
host range restricted to most species of the family Rutaceae

Roistacher, 1991) and can be disseminated long distances by
ovement of virus-infected plant material and locally by sev-

ral aphid species in semi-persistent mode (Lee and Bar-Joseph,
000). Types and severity of symptoms induced by CTV are
ssociated with different viral strains. Mixtures of strains occur
aturally, which can affect symptom phenology according to
he population of the major CTV genotype present or to the
nteraction between the strains (i.e., cross-protection). Mild iso-
ates do not produce noticeable damage on most commercial

cion/rootstock combinations nor decline on sour orange. How-
ver, severe isolates cause important diseases such as decline, an
ncompatibility of various scions grafted on sour orange root-

∗ Corresponding author. Tel.: +1 559 596 2990; fax: +1 559 596 2992.
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tock. The most virulent isolates cause stem pits in wood of
wigs, small and large lateral branches and the main trunk. They
lso reduce growth of the tree accompanied by a decline in fruit
ield, fruit size and quality in severe cases (Lee and Bar-Joseph,
000).

CTV consists of flexuous particles ∼2000 nm × 11 nm in
ize, which contain a single-stranded positive-sense RNA
∼19 kb) containing 12 open reading frames (Karasev et al.,
995). Sequence comparisons indicated a relatively high level
f conservation among isolates toward the 3′ end and divergence
p to 40% toward the 5′ terminal (Mawassi et al., 1996; Hilf et
l., 2005).

Several techniques have been developed for the detection
nd differentiation of CTV isolates. Indexing on a standard host
ange (Garnsey et al., 2005) detects and categorizes the differ-
nt biological types of CTV, but it is laborious and expensive for
arge-scale tests. Serological techniques have been used since
he 1970s for detecting CTV (Bar-Joseph et al., 1979; Garnsey
t al., 1993). Enzyme-linked immunosorbent assay (ELISA) and

irect tissue blot immunoassay (DTBIA) are the most common
ecause of their reliability, rapidity and low relative cost. More
ecently, polymerase chain reaction (PCR) has been adapted
or detection of CTV: two-step reverse-transcription RT-PCR

mailto:ryokomi@fresno.ars.usda.gov
dx.doi.org/10.1016/j.jviromet.2007.07.026
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Metha et al., 1997; Hilf and Garnsey, 2000; Huang et al., 2004);
ne-step RT-PCR (Hung et al., 2000); immunocapture (IC)-RT-
CR (Cambra et al., 2000b, 2002); and multiplex RT-PCR (Roy
t al., 2005).

Although PCR techniques described above can detect a
ow titer of virus, they are not quantitative. Real-time PCR
llows rapid detection of target-specific amplicons and accu-
ate quantification when used with a standard curve. Real-time
T-PCR has been reported for the detection of different woody
lant-infecting viruses (Marbot et al., 2003; Schneider et al.,
004; Varga and James, 2005,2006; Osman and Rowhani, 2006;
sman et al., 2007) as well as for viruses in different insect vec-

ors (Boonham et al., 2002; Fabre et al., 2003; Olmos et al.,
005).

The objective of this study was to develop highly sensitive,
eal-time PCR detection of CTV. Primers and TaqMan® probes
ere selected for simultaneous detection of CTV and plant mito-

hondrial mRNA as internal control to assay the quality of
NA extracted from the sample. This procedure was applied
s a multiplex one-step RT-PCR protocol which was effective
n detecting and quantifying CTV in infected plant tissues and
phids.

. Materials and methods

.1. Virus sources

The CTV isolates used in this report are shown in Table 1.
itrus sinensis var. Madame Vinous seedlings infected with
TV isolates P29 (AF001623) and P81 (AY995567) were used

o develop and optimize the real-time RT-PCR assay. To vali-
ate the assay, CTV-infected tissue was collected in 2006 from
lants in the following collections: Exotic Pathogen Collection
USDA, ARS) in Beltsville, MD (Garnsey et al., 2005); Central
alifornia Tristeza Eradication Agency in Tulare, CA (Polek et
l., 2005) and Crop Diseases, Pest and Genetics Research Unit
USDA, ARS) in Parlier, CA (Yokomi and Deborde, 2005). In
ddition, tissue from CTV-infected field trees near Lindsay, CA
as collected in May 2006. Bark tissue or leaf petioles were
sed for total RNA isolation or stored at −20 ◦C or desiccated
ith silica gel (Garnsey et al., 1996).

.2. Aphid vectors

A local biotype of Aphis gossypii collected in Sanger, CA
Yokomi and Deborde, 2005) and reared on cotton, was used in
his study. Young adult apterae (wingless) aphids were given a
8 h acquisition access period (AAP) on CTV-infected Madame
inous donor plants and subjected to the various nucleic acid
xtraction methods. These extracts were tested then by nested
T-PCR and real-time RT-PCR.

.3. Isolation of total RNA
.3.1. Plants
Total RNA from CTV-infected plants was recovered from

.2 g of plant tissue (fresh or frozen bark tissue; fresh f
ical Methods 147 (2008) 43–53

r lyophilized leaf petioles) by homogenization with a
iniBeadBeater-96 (Bio-Spec Product, Bartlesville, OK) in
ml of grinding buffer (4 M guanidine isothiocyanate, 0.2 M

odium acetate, pH 5.2, 25 mM EDTA, 1 M potassium acetate;
.5% (w/v) PVP-40 and 2% sodium metabisulfite). The sus-
ension was mixed with 200 �l of 10% N-lauroylsarcosine and
ncubated at 70 ◦C for 10 min, chilled on ice for 5 min and cen-
rifuged at 13,400 rpm for 10 min. Next, the supernatant was
ecovered and processed using either the RNeasy Plant Mini Kit
Qiagen) or the procedure described by Foissac et al. (2001).
inally, total RNA was recovered in 50 �l (Qiagen) or 150 �l
Foissac method) of RNase free water. The concentration of total
NA was determined using a NanoDrop® ND-1000 UV–vis
pectrophotometer (NanoDrop Technologies, Wilmington, DE,
SA).

.3.2. Aphids
Five variations of total RNA extraction were tested using sin-

le viruliferous A. gossypii per extraction. In cases where CTV
as trapped to nitrocellulose membranes (NCM) (Nitrobind,
icron Separations Inc., Westborough, MA, USA), total RNA
as eluted from the membrane by incubation with 30 �l RNase

ree water at 80 ◦C for 10 min. In those cases where the aphid
as homogenized in buffer, total RNA was recovered from the

uspensions as follows:

Aphid was crushed onto a spot on 3 MM CHR paper (What-
man International Ltd., Maidstone, England) and the spot
bathed in 50 �l of 0.5% Triton X-100, vortexed and incubated
for 5 min at room temperature (Olmos et al., 2005). Triton
extracts were used for nested immunocapture (IC)-RT-PCR
or nested RT-PCR.
The whole aphid was crushed onto a NCM and the total RNA
eluted from the crushate with RNase free water as described
above.
Aphid was homogenized in a glass pestle with 25 �l of sodium
sulfite containing buffer (SSB) (10 mM Tris–HCl, pH 7.4;
0.65% Na2SO3; 0.5% Triton). One 10 �l drop of the super-
natant was spotted on a NCM and then after a drying period
of 30 min, another 10 �l drop was added to the same spot
per aphid (Singh et al., 2004). The total RNA was eluted as
previously described.
Aphid was homogenized in a glass pestle in 100 �l of
PBS–0.05% Tween–2% PVP40 followed by chelex extraction
(Fabre et al., 2003).
Aphid was homogenized with a Mini BeadBeater-96 in 500 �l
of Trizol reagent (Invitrogen) following the manufacturer’s
protocol. One hundred microlitters of chloroform were added
to the homogenate and tubes were incubated at room tem-
perature for 5 min. This was followed by centrifugation at
12,000 × g for 15 min. The supernatant was recovered and
mixed with 250 �l of isopropyl alcohol. After incubation at
room temperature for 15 min, the total RNA was recovered

by centrifugation, and dissolved in 15 �l of RNase free water.

Total RNA recovered using protocols 2, 3, 4 and 5 were used
or nested RT-PCR or one-step real-time RT-PCR.
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Table 1
CTV isolates tested by multiplex real-time reverse transcription polymerase chain reaction (RT-PCR)

Isolate ID Origin Description Tissue Total RNA
(ng/�l)

Real-time PCR Ct value

CTV Internal control

Central California Tristeza Eradication Agency (CCTEA), Tulare, CAa

CCTEA 114 Tulare Co., CA Moderate stem pitting (SP) on Madame
Vinous (MV), moderate quick decline
(QD), reacts with monoclonal antibody
MCA13

9.9 21.94 0

CCTEA 192 Kern Co., CA Mild 17.5 19.51 0
CCTEA 146 Kern Co., CA Severe QD 17.0 20.10 29.12
CCTEA 95120 Tulare Co., CA Moderate SP on MV 15.1 17.15 0
CCTEA 170 Kern Co., CA No data Bark tissue (frozen) 11.3 18.75 0
CCTEA 117 Tulare Co., CA QD 13.8 16.30 0
CCTEA 197 Kern Co., CA Moderate SP on MV 15.1 17.94 0
CCTEA 180 Kern Co., CA Moderate SP on MV 10.6 18.69 0
CCTEA 155 Kern Co., CA Seedling yellows (SY) on sour orange (SO) 15.1 17.24 0
CCTEA 160 Fresno Co., CA Severe QD 34.7 18.68 0
CCTEA 143 Kern Co., CA Severe QD 8.7 18.65 0

Exotic citrus pathogen collection, USDA, ARS, Beltsville, MDa

B28 Florida Strong SY, strong decline SP on grapefruit
(GF) (T68)

25.8 17.05 42.98

B152 California Californian SY (SY 576). VT genotype
according Hilf and Garnsey, 2005.

70.6 20.03 26.39

B30 Japan Severe SY 26.6 19.89 30.36
B255 Indonesia Severe SP in sweet orange (SwtO) 40.8 19.72 25.87
B23 Israel SY 45.8 18.30 28.33
B119 Hawaii T30 + natural CTV isolate in CTV

cross-protection experiment, Hilo, HA
Leaf petioles desiccated
with silica gel

23.5 18.10 42.58

B391 Puerto Rico QD 27.1 20.22 27.24
B192AT Corsica Aphid transmitted (AT) from B192, severe,

MCA 13 positive
44.0 14.72 0

B211 Taiwan Mild isolate selected as potential
protecting isolate. T3 genotype according
Hilf and Garnsey, 2005.

24.7 20.06 28.14

B405 Spain SP on SwtO (T318) 54.4 17.31 0

USDA, ARS, Parlier, CAa

Fresh leaf petioles 100.2 12.14 30.15
P29 Riverside, Co., CA Severe SP on GF, severe QD, (SY 568) Leaf petioles desiccated

with silica gel
50.1 19.17 34.36

Frozen bark 85.1 14.08 0
Fresh bark 91.8 13.49 29.95

P35 (CCTEA 92) Kern Co., CA SP on MV and GF 94.6 17.17 24.78
P51 Kern Co., CA Mild on SwtO 81.7 17.63 22.50
P100 Ventura Co., CA QD 45.9 14.61 22.60
P21 Kern Co., CA Mild on SwtO 110.0 17.71 23.28
P36 (CCTEA 94) Kern Co., CA SP on MV and GF 82.5 15.57 25.90
P60 Tulare Co., CA Severe SP on GF, QD Fresh leaf petioles 66.3 17.45 23.30
P25 Kern Co., CA Mild on SwtO 94.2 16.94 21.96
P28 Kern Co., CA Mild on SwtO 100.8 17.26 25.20
P81 Kern Co., CA Mild on SwtO 120.1 15.24 25.24
P43 Kern Co., CA SP on MV and GF 80.3 18.32 24.55
P109 Fresno Co., CA Severe SY on Eureka lemon (EL) and SO,

SP on MV
118.7 14.47 22.80

P108 Fresno Co., CA Severe SY on EL, SP on MV 68.2 15.24 22.85
SY 553 UC Riverside Meyer lemon isolate 70.5 20.43 24.27

Field samples, Lindsay, CA

17–11 Tulare Co., CA Unknown 26.9 22.34 25.61
17–12 Tulare Co., CA Unknown Fresh leaf petioles 50.5 21.61 26.44
18–8 Tulare Co., CA Unknown 71.5 17.85 26.21
19–11 Tulare Co., CA Unknown 40.2 20.10 24.90

a Isolates consisted of infected Citrus sinensis var. Madame Vinous seedlings.
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Table 2
Sequence of forward and reverse primers and probes used for real-time reverse transcription PCR and conventional RT-PCR

Primer/Probe Sequence 5′–3′ Expected amplicon size (bp) Primer location

Real-time RT-PCR
P25F (forward) AGCRGTTAAGAGTTCATCATTRC 16,376–16,399a

P25R (reverse) TCRGTCCAAAGTTTGTCAGA 101 16,457–16,477a

CTV-CY5b CY5- CRCCACGGGYATAACGTACACTCGG 16,412–16,437a

NADF (forward) (Menzel et al. (2002)) GATGCTTCTTGGGGCTTCTTGTT 115 968–987 and 1,836–1,838c

NADSR (reverse) GCGGATCCTCGGACATATATGA 1908–1930c

NAD-TETd TET-TGTTAATTGTGGTTACATCCAT-MGB 1859–1881c

Conventional RT-PCR
T36CP-F (forward) ATGGACGACGAAACAAAGAAATTG 672 16,152–16,176e

T36CP-R (reverse) TCAACGTGTGTTGAATTTCCCA 16,802–16,823e

S-CTV FW (forward) CGCAATTTGAGTTATGGCGGA 119 16,578–15,598a

S-CTV REV (reverse) ATGTACACAGCACATTCTAAATCA 16,709–16,685a

NADRS used with the primer NADF CTCCAGTCACCAACATTGGCATAA 148 19,839–19,863c

a Primer location based on GenBank accession number AF260651.
b Probe labeled with the reporter Cy5 (Cyanine 5).
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c Primer location based on GenBank accession number D37958.
d Minor groove binding (MGB) probe labeled with the reporter TET (tetrachl
e Primer location based on GenBank accession number AY170468.

.4. Taqman® probe and primers design

Primers and a Cy5-labeled probe for CTV detection were
esigned within the CP region using Primer Express software
Applied Biosystems) (Table 2). Multiple alignment of the
P gene from various isolates was performed using ClustalX

Thompson et al., 1997) and GeneDoc (Version 2, 1991). Degen-
rate nucleotides were included in the primers and probe to make
ure that the assay was made as broad spectrum as possible.

An internal control assay designed to amplify the mRNA
f the mitochondrial gene NADH dehydrogenase (nad5) was
ncluded. The sense primer was located over the splice junction
s reported by Menzel et al. (2002), while the reverse primer
nd the Minor Groove Binding (MGB) TaqMan® TET-labeled
robe were designed using the software mentioned above.

.5. TaqMan® one-step RT-PCR assay

TaqMan® RT-PCR reactions were performed in a final vol-
me of 25 �l using the iScript one-step RT-PCR Kit for probes
Biorad) according to the manufacturer’s instructions. The
ptimum primer and probe concentrations in singleplex and
ultiplex real-time RT-PCR were determined as the one, which

ave the highest reporter fluorescence (end RFUs) and the low-
st threshold cycle (Ct). The reactions, carried out with 2 �l of
otal RNA recovered from plant tissue or aphid, were setup in

strip-tubes or 96-well reaction plates and performed on an
Q5 Real-Time PCR Detection System (Biorad). The one-step
ycling parameters consisted of 2 min incubation at 55 ◦C fol-
owed by two-step PCR: 5 min incubation at 95 ◦C followed by
0 cycles at 95 ◦C for 15 s and 59 ◦C for 30 s. Each run included
wo reps each for the unknown sample, the CTV-negative con-

rol, the positive CTV-infected control and the non-template
ontrol (NTC).

A viral RNA transcript, prepared as described below, and
otal RNA from Madame Vinous infected with isolate P29 were

t
s
t
i

-carboxyfluorescein).

sed in 10-fold serial dilution to generate standard curves and
etermine the assay efficiency and the quantitation of viral target
n the unknown samples.

Data acquisition and analysis were performed with the iQ5
ptical System software version 2.0.

.6. Preparation of viral RNA transcript for standard
urves

A partial CTV coat protein gene from isolate P29, was
mplified with T36CP primers (T36CP-F/T36CP-R, Hilf and
arnsey, 2000), purified using the QIAquick PCR Purifica-

ion Kit (Qiagen), ligated into pGEM-T Easy Vector (Promega)
nd cloned into E. coli JM-109 (Promega). Colonies with
he recombinant plasmid were selected by ampicillin resis-
ance and purified using the Wizard Plus SV Miniprep Kit
Promega). The presence of the fragment was confirmed
y PCR and its orientation determined by sequencing. The
lasmid was linearized with Apa I and RNA transcription
erformed at 37 ◦C for 2 h using the T7 RNA polymerase
Roche) and rNTPs (Promega). Plasmid DNA was then digested
ith RQ1 DNase (Promega) and the transcript isolated by

ithium chloride and ethanol precipitation. The concentration
as determined using the ND-1000 UV–vis spectrophotome-

er. Assuming the average molecular weight of a ribonucleotide
340 Da) and the number of bases of the transcript (Nb), the
onversion of a microgram of single-stranded RNA to pico-
ole was performed using the formula: pmol of ssRNA = �g (of

sRNA) × (106 pg/1 �g) × (1 pmol/340 pg) × (1/Nb), and the
vogadro constant (6.023 × 1023 molecules/mol) was used to
stimate the number of copies of CTV-RNA (Olmos et al., 2005).
ight 10-fold serial dilutions were prepared by mixing the RNA
ranscript with healthy Madame Vinous total RNA and used in
ingleplex and multiplex real-time one-step RT-PCR to generate
he standard curve and to determine the CTV-RNA concentration
n the unknown samples.
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fresh or frozen samples infected with CTV, desiccation resulted
in lower ELISA A405 values, which in some cases resulted in a
negative serological test as reported by Hung et al. (2000). In
this case, the successful PCR detection was assumed to be due

Fig. 1. Electropherograms showing total RNA and CTV coat protein amplicons
after conventional reverse transcription polymerase chain reaction (RT-PCR)
and multiplex real-time RT-PCR of different infected plant tissues. Samples 1–4
M. Saponari et al. / Journal of V

.7. Comparison of sensitivity between ELISA,
onventional RT-PCR and real-time RT-PCR

A pool of three leaf petioles from Madame Vinous plants
nfected with isolates P29 and P81 were used to evaluate the
ensitivity of the various PCR assays. In addition, leaf petioles
ere extracted in carbonate buffer and processed using the stan-
ard ELISA protocol routinely used in the laboratory (Yokomi
nd Deborde, 2005).

For conventional RT-PCR two protocols were evaluated: (i)
wo-step RT-PCR; (ii) one-step RT-PCR. In both cases, total
NA was extracted as described by Foissac et al. (2001) and
rimers specific for the CP region of CTV (Hilf and Garnsey,
000) and to nad5 were used. For the two-step RT-PCR, 3 �l
f total RNAs were used to generate the cDNA in presence of
.5 �g of random hexamers (Roche), 500 �M of each dNTP,
00 U of M-MLV reverse transcriptase (Promega), 20 U of
Nasin ribonuclease inhibitor (Promega). Reactions were per-

ormed in a final volume of 20 �l in 1× M-MLV RT reaction
uffer (Promega), at 37 ◦C for 45 min, followed by 10 min at
5 ◦C. Eight 10-fold serial dilutions of the synthesized cDNA
ere prepared and 2.5 �l of each was amplified in a 25 �l reac-

ion volume containing a 1× concentration of GoTaq reaction
uffer (Promega), 200 �M dNTPs, 0.2 �M of each primer and
U of GoTaq DNA polymerase (Promega). Amplification pro-
les were 94 ◦C for 5 min, followed by 30 cycles at 94 ◦C for
0 s, 56 ◦C for 60 s and 72 ◦C for 60 s. The reactions were incu-
ated for an additional 10 min at 72 ◦C. To amplify the partial
ad5 gene, the following amplification profile was used: 94 ◦C
or 5 min, followed by 35 cycles at 94 ◦C for 20 s, 55 ◦C for 30 s
nd 72 ◦C for 20 s. Reaction products were analyzed by elec-
rophoresis in 1% Tris–acetate–EDTA (TAE)–agarose gels and
NA bands visualized by staining the gel in ethidium bromide.
One-step RT-PCR was carried out using eight 10-fold dilu-

ions obtained by mixing 1 �l of total RNA from infected
ource with 9 �l of total RNA extracted from healthy plant. One
icrolitter of each dilution was then amplified in 25 �l reac-

ion volume containing 1× GoTaq reaction buffer (Promega),
00 �M dNTPs, 0.2 �M of each primer (S-CTV FW/S-CTV
EV; NADF/NADSR), 65 U of M-MLV (Promega) and 1 U
f GoTaq DNA polymerase (Promega). Amplification profiles
ere 42 ◦C for 1 h, 70 ◦C for 10 min, 94 ◦C for 5 min, followed
y 35 cycles at 94 ◦C for 20 s, 55 ◦C for 20 s and 72 ◦C for 20 s.
he one-step real-time RT-PCR was carried out using the same
ilutions used for the one-step RT-PCR previously described.

.8. CTV detection in aphids

In preliminary tests, nested RT-PCR was used to detect CTV
n the aphids and to determine the most effective extraction pro-
edure. cDNA synthesis and first PCR amplification were carried
ut with 5 �l of each extract, following the same procedure
escribed for plant tissue.
For IC-RT-PCR (protocol 1), cDNA synthesis was performed
fter incubation of the extracts (50 �l) for 2 h at 37 ◦C in pre-
oated PCR-tubes. The CTV polyclonal 1212 (Plant Pathology
ept., Univ. Florida, Gainesville, FL) was used at a dilution

f
b
e
a
i

ical Methods 147 (2008) 43–53 47

f 1:1000 to coat PCR-tubes. Following one round of RT-PCR,
�l of the generated PCR product was added as the template

or nested PCR for further amplification using T36CP-F/P25R
rimers yielding a 362 bp amplicon. In both cases, PCR con-
isted of an initial denaturation step at 95 ◦C for 5 min, followed
y 35 cycles of 95 ◦C for 30 s, 58 ◦C for 30 s and 72 ◦C for 30 s.
CR was completed by a final extension at 72 ◦C for 5 min. PCR
roducts were analyzed in 1% TAE–agarose gel and visualized
ith ethidium bromide stain.
The one-step real-time RT-PCR was optimized using 1 �l of

otal RNA extracted using the Trizol protocol.

. Results

.1. Total RNA isolation from plants

Extracts from healthy, P29 and P81 infected plants using
he RNeasy Plant Mini Kit and the Foissac et al. (2001) proce-
ure yielded high quality RNA. No differences were observed in
260/280 values, amplicon resolution in agarose gels or Ct values

or real-time RT-PCR (data not shown) between the two extrac-
ion methods. Consequently, the Foissac et al. (2001) procedure
as used to extract the total RNA from all of the infected plants

ested.
Differences were observed, however, in amount of RNA

ecovered from fresh, frozen, and desiccated tissues (Table 1).
esiccation and freezing resulted in low amounts of total RNA

xtracted (Fig. 1). In spite of this, CTV detection by both
onventional and real-time RT-PCR was not affected (Fig. 1).
lthough fresh tissue gave the lowest Ct in real-time RT-PCR,

ll CTV isolates tested were detected successfully using the var-
ous methods of tissue processing (Table 1). In comparison to
resh leaf petioles; samples 5–8 desiccated leaf petioles; samples 9–12 frozen
ark. (A) Agarose gel electrophoresis of total RNA extracts; (B) agarose gel
lectrophoresis of CP amplicon obtained by conventional RT-PCR; (C) poly-
crylamide gel analysis after multiplex real-time RT-PCR, upper band is the
nternal control amplicon (115 bp), lower band is the CTV amplicon (101 bp).
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o the presence of double stranded RNAs. On the other hand,
he nad5 mRNA was not detectable in most of the frozen tis-
ues tested, and, based on A260 and Ct values, less total RNA
as recovered from desiccated tissue than fresh tissue. Thus,

resh tissue proved to be the best choice for reliable detection
f CTV by the multiplex assay. If samples cannot be processed
n a short time and need to be stored by freezing or desiccation,
he assay is still accurate for CTV detection but the internal con-
rol may be not accurate or useful to validate the CTV-negative
amples.

.2. Development of multiplex TaqMan® assays for CTV
etection in plant

CTV TaqMan® assays successfully detected CTV isolates
81 and P29. Furthermore, the assay detected CTV in all

nfected samples from greenhouse-kept plants as well as from

TV-infected field trees (Table 1). All 39 CTV isolates, which

ncluded mild, stem pitting, seedling yellows and decline iso-
ates were successfully detected, demonstrating that the primers
sed detected a broad spectrum of CTV isolates.

s
(
w
t

ig. 2. Real-time reverse transcription polymerase chain reaction (RT-PCR) for C
.00E−7) of total RNA from isolate P29 and of CTV RNA transcript (starting concen
egression for the threshold cycles value vs. dilution of total RNAs and CTV RNA tr
ical Methods 147 (2008) 43–53

The combination of forward 400 nM, reverse 800 nM and
robe 80 nM gave the lowest Ct and the highest end rela-
ive fluorescence units (RFUs) in singleplex reactions (data not
hown).

Multiplex assays included TaqMan® primers and the probe
or nad5 mRNA detection. A primers/probe concentration for
nternal control was selected which resulted in no loss of effi-
iency in CTV detection. The final primers/probe concentrations
or the multiplex assay were: (i) CTV: forward 400 nM, reverse
00 nM and probe 80 nM; (ii) internal control: forward 400 nM,
everse 400 nM and probe 320 nM. Fig. 2 shows a compari-
on of the efficiency of singleplex versus multiplex for CTV
etection. When the concentration of CTV RNA was high, the
nternal control was less efficient in multiplex than in single-
lex (Fig. 3). The multiplex assay consistently detected less
han 0.5 femtogram (fg) of CTV RNA transcript when diluted
n healthy plant extract (Fig. 2). Regression analysis of the CTV

tandard curve demonstrated that the assay is highly efficient
r2 = 0.987 and 0.996 (Fig. 2B)) indicating that it can be used
ith a standard curve to quantify/estimate CTV-RNA concen-

ration (Fig. 4).

TV. (A) CTV singleplex amplification of serial dilutions (from 1.00E+00 to
tration 1.8 ng), healthy control (HC) and no template control (NTC). (B) Linear
anscript in singleplex and multiplex reactions.



M. Saponari et al. / Journal of Virolog

Fig. 3. Real-time reverse transcription polymerase chain reaction (RT-PCR) of
the mRNA internal control. (A) Linear regression for the threshold cycles (Ct)
values vs. 10-fold dilutions. For singleplex reactions, total RNA was diluted in
RNase free water. Multiplex reactions were performed using the CTV RNA tran-
script diluted in total RNA extracted from healthy plant. (B) Polyacrylamide gel
e
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lectrophoresis of multiplex real-time RT-PCR products showing the competi-
ion between CTV (101 bp) and internal control (115 bp) amplification. M = 1 kb
adder (Invitrogen).

.3. Sensitivity comparison between ELISA, conventional

nd real-time RT-PCR

In tests to determine the end-point of CTV detection between
he different assays, CTV isolates P29 and P81 were consistently

a
J
1
e

ig. 4. Quantification of CTV RNA ( ) in infected plants (nanograms, A and B) and
0-fold dilution of CTV RNA transcript (�). (A) Samples from the CTV collections,
ical Methods 147 (2008) 43–53 49

etected when extracts were diluted 10−2 by ELISA; and by
ilutions 10−1 and 10−3, respectively, by one- and two-step RT-
CR (Fig. 5). In contrast, the multiplex one-step real-time RT-
CR consistently gave Ct values lower than 35 when extracts
ere diluted 10−5 (Fig. 2). Thus, real-time RT-PCR was 103

imes more sensitive than ELISA, as well as 104 and 102 times
ore sensitive than one- and two-step conventional RT-PCR,

espectively. Conventional one- and two-step RT-PCR for the
nternal control showed the same end-point dilution limits as for
TV (Fig. 5).

.4. CTV detection in aphids

Total RNA extracted from single viruliferous aphids by Trizol
as the most suitable template for CTV detection by nested RT-
CR (Table 3; Fig. 6). Thereafter, Trizol extracts were chosen
or CTV detection in single aphids by one-step real-time RT-
CR. The number of viruliferous aphids detected by real-time
T-PCR indicated that the assay was much more sensitive than
onventional nested RT-PCR (Table 3). Quantitative analyses
ndicated that between 12 × 103 and 13 × 106 of CTV RNA

olecules were in a single aphid after a 48 h AAP under test
onditions.

. Discussion

A number of methods have been described to detect CTV.
ndexing on Mexican lime seedlings (Wallace and Drake, 1951)
s the conventional procedure. For routine detection of CTV,
LISA and DTBIA using polyclonal, monoclonal, recombinant

ntibodies to provide rapid, economical and reliable results (Bar-
oseph et al., 1979; Cambra et al., 1991, 2000a; Garnsey et al.,
993; Rocha-Pena and Lee, 1991; Nikolaeva et al., 1996; Terrada
t al., 2000).

in single aphids (copy number, C) based on the standard curve obtained with
(B) infected samples collected in the field and (C) viruliferous aphids.
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Fig. 5. Sensitivity of ELISA assay, two- and one-step conventional reverse transcrip
isolate. (A) ELISA results (A405), reference values: positive control (1.722), healthy
RT-PCR products generated by CTV CP primers (1) and by nad5 primer (2).

Table 3
CTV detection in single A. gossypii aphids using different extraction protocols
(viruliferous aphids/total aphids tested)

Extraction protocol used on CTV
viruliferous aphids

Nested
RT-PCR

Real-time
RT-PCR

1. Crushed on 3 MM
chromatography papera

0/40 n.t.b

2. Crushed on nitrocellulose
membrane

1/20 n.t.

3. Homogenized in sodium sulfite 13/48 n.t.
4. Homogenized in PBS–Tween-PVP 2/18 n.t.
5. Homogenized in Trizol 16/38 17/20

The aphid was given a 48 h acquisition access period on a CTV-infected Madame
Vinous sweet orange donor plant.

a 20 aphids processed by IC- and 20 directly in RT-PCR.
b Not tested.

b
e
a
N
H
T
f
i
n
t
a

b
n

Fig. 6. Agarose gel electrophoresis of nested RT-PCR of total RNA recovered from s
tion polymerase chain reaction (RT-PCR) using 10-fold serial dilutions of P29
control (0.162). (B) and (C) Agarose gel electrophoresis of two- and one-step

PCR-based and molecular hybridization techniques have
een developed for CTV detection (Mathews et al., 1997; Hung
t al., 2000; Cambra et al., 2000b; Roy et al., 2005; Barbarossa
nd Savino, 2006) and strain differentiation (Cevik et al., 1996;
iblett et al., 2000; Hilf and Garnsey, 2000; Hilf et al., 2005;
albert et al., 2004; Sieburth et al., 2005; Huang et al., 2004).
hese methods are more sensitive than ELISA and are useful

or detecting the virus from field samples even when the titer
s not optimum for serological tests. IC-RT-PCR, RT-PCR and
ested RT-PCR have been also described to detect CTV in vec-
or and non-vector aphid species (Metha et al., 1997; Cambra et

l., 2000b; Marroquin et al., 2004).

Real-time PCR has gained popularity over conventional PCR
ecause it uses reduced cycle times and steps and there is no
eed for electrophoresis, staining and gel documentation. It also

ingle aphid using different extraction protocols. M = 1 kb ladder (Invitrogen).
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as increased sensitivity, reproducibility and the reduced risk of
arry-over contamination since the amplicon production is mon-
tored in a closed tube. Amplicon production is monitored during
mplification by labeling the primers, probes or amplicons with
uorogenic molecules (Mackay et al., 2002). TaqMan® probes
epresent one of the main chemistries used for real-time PCR
ssays. The successful use of real-time RT-PCR using TaqMan®

robes have been reported for the detection of different woody
lant-infecting viruses (Marbot et al., 2003; Schneider et al.,
004; Osman and Rowhani, 2006; Osman et al., 2007) as well
s to detect viruses in different insect vectors (Boonham et al.,
002; Fabre et al., 2003; Olmos et al., 2005).

In the present study, primers and TaqMan® probes for CTV
etection in planta and in single aphids by multiplex real-time
ne-step RT-PCR assay were developed. The TaqMan® RT-PCR
ssay incorporated an internal control based on the mRNA of
he mitochondrial gene NADH dehydrogenase (nad5). This pro-
ided a check on the quality of extracted RNA and helped to
ssess if it was sufficient, hence, reducing chances for false
egative results (Menzel et al., 2002).

The primers and TaqMan® probe detected all geographically
nd biologically different CTV isolates tested. The degeneracy
ncluded in the CTV primers and TaqMan® probe assured that
he assay was broad spectrum. In contrast, serological methods
ased on the recognition of specific epitopes by monoclonal and
ome polyclonal antibodies may not detect some isolates due
o coat protein variability among strains (Wang et al., 2007). In
hese cases, a mixture of monoclonal or polyclonal antibodies
s usually needed (Cambra et al., 1990).

The multiplex real-time RT-PCR assay described in this
eport was more sensitive than ELISA and conventional RT-PCR
nd consistently detected less then 1 fg of CTV RNA transcript
ixed into extracts from healthy tissue. This suggested that the
ethod could detect a very low level of CTV-RNA in infected
eld tissue as was demonstrated by the detection of CTV from
aturally infected trees near Lindsay, CA. This high sensitivity
llowed its use even when the virus titer was low and not readily
etectable by serological methods.

The real-time RT-PCR assay was able to detect CTV in frozen
r desiccated plant tissues; whereas ELISA failed to detect CTV
n some desiccated or dried tissue (data not shown) as was
eported by Hung et al. (2000). Furthermore, compared with
LISA and conventional RT-PCR, the one-step multiplex assay

s fast, relatively easy to perform and cost effective.
Relative or absolute quantitation of target nucleic acids

s an essential feature of real-time PCR assay (Mackay et
l., 2002). The CTV real-time assay was based on absolute
uantitation (nanograms/copies) of CTV-RNA in the unknown
amples in either plant tissues or aphids. This approach is use-
ul for monitoring the progress of infection (i.e., after vector
ransmission/graft inoculation, viral replication in resistant or
olerant citrus cultivars), and transcription of exogenous genes
n transgenic plants and to assess the large diversity in the trans-
issibility of CTV isolates by aphid vectors.
The method used to extract total RNA from viruliferous A.

ossypii was found to be critical. Detection of CTV by nested
T-PCR was directly related to the extraction procedure used
ical Methods 147 (2008) 43–53 51

Fig. 6). Specifically, under test conditions of RT-PCR here: (i)
TV was detected and quantified when total RNA was extracted

rom aphids by Trizol; (ii) no positive reactions were obtained
fter the first RT-PCR with any of the other protocols tested; and
iii) no CTV was detected from aphids squashed on 3 MM CHR
aper. The CTV quantitation obtained from test aphids were
reater than those reported from aphids carrying plum pox virus
Olmos et al., 2005), a non-persistent aphid transmitted virus
nd similar to that reported for aphids carrying barley yellow
warf virus (Fabre et al., 2003), a persistent aphid transmitted
irus. The Trizol extraction and real-time PCR was simple and
ore reliable for CTV detection in aphids than using nested RT-
CR as reported by Cambra et al. (2000b) and Marroquin et al.
2004).

In conclusion, real-time RT-PCR was used successfully to
etect CTV in infected plants and viruliferous aphid vectors.
apid and accurate detection of CTV achieved by real-time
T-PCR can now be used as a tool to support control mea-
ures to limit CTV disease spread. In addition, it can be used
n quarantine, eradication and certification programs.
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